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Received 14 October 2004; received in revised form 6 April 2005; accepted 13 April 2005Abstract(1) A new method of sampling stygofauna is presented, along with some data derived from applications in the ﬁeld. Numerous
bores were sampled for fauna, water and bacteria, down to a depth of 7.50m. Two or 3 unbaited traps were ﬁxed to a central
pole within the bore. The traps consist of an inert plastic chamber with holes in the upper parts and gaskets near the bottom and
near the lid of each trap. The content of the traps was emptied monthly using a pump.(2) While the taxonomic composition of the trap samples seemed to be comparable to the surrounding groundwater, estimation of
abundances in the traps might differ, with a potential over-estimation in the traps, in particular in sparsely populated aquifers.
Detailed comparative studies on the performance of the method are, as yet, lacking.(3) Trap data of invertebrate communities reﬂect hydraulic changes, and highest abundances and taxa richness were found near the
water table. They decreased rapidly with depth, implying that small-scale stratiﬁed sampling is possible.(4) The technique is cheap, reliable, simple and rapid to use, and allows simultaneous sampling of hydro-chemical, faunal and
microbial samples. The method seems to be suitable for a wide range of sub-surface waters, where the water table is shallower
than 8m.r 2005 Elsevier GmbH. All rights reserved.
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A method for sampling subterranean aquatic fauna
from springs, the hyporheic zone and deeper ground-
water has not yet been developed (Hahn, 2002a). Such a
method must provide representative and simultaneous
samples of fauna, water and microbiology, whilst
permitting stratiﬁed sampling, and nevertheless be
economically viable. In particular, this latter issue is a
prerequisite for the application of a technique in water
management, impact regulation, landscape planning
and environmental protection.e front matter r 2005 Elsevier GmbH. All rights reserved.
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ess: hjhahn@uni-landau.de.One common technique for sampling stygofauna is to
pump groundwater and ﬁlter animals from it. This method
is well etablished and provides useful data (Boulton,
Doˆle–Olivier, & Marmonier, 2004), but is time consuming
and expensive. The amount of water pumped varies
between studies from 2.0 l (Hakenkamp & Palmer, 1992)
to 1000 l (Malard, Mathieu, Reygrobellet, & Lafont, 1997)
and the method is inferred to be selective, under-sampling
large or less mobile species due to the ﬁltering effect of the
sediments (Dumas & Fontanini, 2001; Frazer & Williams,
1997; Marmonier, 1988; Scarsbrook & Halliday, 2002;
Williams, 1984), particularly when small volumes of water
are pumped (Boulton et al., 2004).
Discrete sampling is difﬁcult and even if the sampling
level is constrained by the use of packers within a bore
(Danielopol & Niederreiter, 1987), water and animals
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volume of 10–20% for sandy sediments (Ho¨lting, 1996)
a 500 l sample of alluvial groundwater, for example, may
originate from a sphere of 1.60m diameter or larger
Heterogeneity in the groundwater realm is high (Gibert,
2001; Humphreys, 1999; Watts & Humphreys, 2000),
and as stratiﬁed sampling on a small spatial scale
(centimetres) is very difﬁcult using current techniques,
no clear statement is possible about the environmental
conditions at the places where the animals sampled
actually lived. Furthermore, the ﬁner the sediments are,
the higher the likelihood of altering sediment structure
by pumping (Marmonier, 1988; Mauclaire, Marmonier,
& Gibert, 1998) with the result that repeated samples at
the same site might affect groundwater communities by
altering the physical living conditions around.
Another method for sampling stygofauna is the so-
called net sampler or phreatic net (Bou, 1974; Dumas &
Fontanini, 2001; Humphreys, 1994). This technique is
fast and cheap, and, with respect to numbers of taxa and
community structure, net samples seem not to differ
from pump samples (Dumas & Fontanini, 2001; Matzke
& Hahn, 2002). On the other hand, stratiﬁed sampling is
possible only in nested bores each having their ﬁlter slots
at 1 deﬁned depth. In addition, water samples must be
removed with a bailer.
Unbaited traps (either empty or ﬁlled with sediment)
have not been used in groundwater yet, but have in the
hyporheic zone (Bretschko & Klemens, 1986; Hahn,
2002b, 2003; Panek, 1991; Scarsbrook & Halliday, 2002).
A statistical comparison of invertebrate densities from
samples obtained by different methods is critical. Sedi-
ment-ﬁlled traps and pump samples are hardly compar-
able (Scarsbrook & Halliday, 2002), and the pumping
rate (Hunt & Stanley, 2000) and the volume (Boulton,
Doˆle–Olivier, & Marmonier, 2003, 2004) of pumped
samples inﬂuence taxonomic richness and invertebrate
density per litre. However, Scarsbrook and Halliday
(2002), using colonization pots ﬁlled with sediment, and
Hahn (2003), using different types of unbaited, empty
traps, detected few differences in the taxonomic composi-
tion between pumped and trapped samples, but recorded
greater abundances and species richness in the traps.
Comparing trap samples to quantitative freeze-corer
samples Scarsbrook and Halliday (2002) found that both
methods delivered similar results. Furthermore, traps
seem to discriminate both the hydrochemistry and fauna
of different sediment layers within centimetres (Hahn,
1996, 2002b). The costs of these traps were moderate and
the associated labour was low.
Unbaited traps should also be a suitable technique for
sampling stygofauna, but for this there are 2 prerequi-
sites:(1) The fauna inside a bore, which acts as a trap, needs
to be representative of the fauna outside.(2) The installation of a trap within a bore should not
affect the results of sampling.Hahn and Matzke (2005) found few differences
between the taxonomic composition of the stygofauna
at the bottom of the bore and the surrounding ground-
water. However, abundances were up to 500 times per
litre higher inside the bore. In the hyporheic zone of a
headwater stream, Hahn (2003) compared 2 types of
unbaited traps, neither of which were sediment ﬁlled: the
ﬁrst was dug directly into the sediments while the second
was ﬁxed within a ﬁlter tube previously installed in
the sediments – the typical construction of a ground-
water monitoring bore. No differences were detected
between the 2 types of traps, and the effects of the gap
between the traps and the bore casing were considered
negligible.
As a result, the second type of trap was slightly
modiﬁed to enable stratiﬁed sampling of groundwater.
Numerous of unbaited traps of this type have been used
since June 2001. This paper presents the trap system and
ﬁrst experiences of sampling focusing on 3 aspects: (1)
representativity of samples, (2) vertical gradients and (3)
faunal changes in time.Study areas and periods of sampling
The data presented here are from 3 studies carried
out in 2 areas. Two studies were carried out in
Palatinate, south-western Germany (Fig. 1A), and the
third at the Dasan-Myeon site in the Nakdong River
ﬂoodplain in South Korea, 10 km west of the city of
Daegu (Fig. 1B).
For the ﬁrst study, 15 alluvial groundwater bores
(each with 3 traps) and 3 hyporheic bores were sampled
monthly from June 2001 to December 2002. The
sampling sites were situated in 4 alluvial ﬂoodplains
(Kolbental Valley, Klammtal Valley, Modenbachtal
Valley and Offenbacher Wald) in Palatinate, south-
western Germany (Fig. 1A). At all sites, average grain
size of the sediments was smaller than 500 mm.
Kolbental Valley and Klammtal Valley belong to the
Pfa¨lzerwald mountains, a forested sandstone landscape,
while Modenbachtal Valley and Offenbacher Wald
belong to the western fault area of the Upper Rhine
valley, called Haardtrand, and the Upper Rhine Plateau,
respectively. The depth of the groundwater bores was
5.0m (3 bores) and 7.50m (12 bores). Three traps were
installed in each bore at 1.70m (trap A, near the
groundwater table) and 2.90m (trap B) below soil
surface, with the third trap 50 cm above the bottom of
every bore (trap C). The 3 hyporheic bores contained 1
trap, which was ﬁxed 30 cm below the sediment sur-
face. To compare trap content with surrounding
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Fig. 1. Maps of the sampling areas (A: Germany, B: Korea). indicates the sample sites, all of them having 4–5 bores.
H.J. Hahn / Limnologica 35 (2005) 248–261250groundwater, all traps of the Klammtal valley were
again sampled on 18 March 2003. To indicate the
changes with time, the data of trap A of bore KT1 in the
Kolbental Valley are presented in detail.
The second study dealt with 2 rheocrenous springs
(Meisenbach Spring and Hichtenbach Spring) in the
sandstone area of the Pfa¨lzerwald mountains, Palatinate
(Fig. 1A). The springs were sampled twice a month from
March 2003 to December 2003. At every spring, 5 bores
with 2 traps (trap A ¼ 0:10m, trap B ¼ 0:80m below
sediment surface or groundwater table, if the bores were
located outside the springs) were installed in a long-
itudinal and a transversal transect at the outﬂow area.
The lengths of the transects were 5.0–15.0m, depending
on the morphology of the springs.
The third study was carried out in the Nakdong
River catchment in Korea from July to October 2003
at Dasan-Myeon (Fig. 1B), where 3 bores (PD1, PD2
and PD3) were sampled monthly near the groundwater
table (depth of the traps A below soil surface 2.5–5.5m)
to compare the trap content with the surrounding
groundwater. The total depth of these bores was
10.0m.Method
Although Hakenkamp and Palmer (1992) found
no faunal differences between new and old bores,
drilling of the bores was carried out 2–3 months be-
fore the commencement of sampling, and the trap
system was installed 2 weeks after drilling. Fauna, water
and bacteria were sampled by pumping the contents
(water and sediments) of the traps. Bacteria were
sampled only from the groundwater and hyporheictraps in Palatinate, but not for the spring study and not
in Korea.Construction of the trap system
Two or 3 traps (A, B or C) were ﬁxed on a central
thread pole (+ ¼ 6mm) in several depths within the
reach of the ﬁlter slots (width ¼ 1.5mm) in the casing of
every bore (+ ¼ 100mm). A hose led from each
individual trap to the surface to permit discrete sampling
of all parameters from each trap in the series (Fig. 2, I:
Bore with trap system). Bores were slotted from 1.50m
below soil surface down to their bottom. All bores
including the hyporheic ones were packed with 10 cm of
gravel (+ ¼ 2–3mm) and sealed with betonite at the
soil surface. For details on depth of bores and traps see
‘‘Study areas and periods of sampling’’.
Each trap consists of an inert plastic chamber
(+ ¼ 98mm, height ¼ 15mm) with 8 rows of 5 holes
(+ ¼ 15mm) in its upper part (Fig. 2, I: trap B). Above
and below these rows of holes, a gasket (width 10mm,
thickness 1mm) seals the gap between the outside of the
trap and the inside of the bore to avoid short-circuits
within the water column and between the traps. To
avoid hydro-chemical gradients within the chambers
that could guide fauna out of the trap, at the bottom of
every chamber is a ring of 8 holes (+ ¼ 15mm),
covered with plankton netting (51 mm). A plastic tube
(outer + ¼ 16mm, length ¼ 200mm) is ﬁxed 10mm
above the bottom of the trap and protrudes just through
the upper lid of the chamber, where it joins a connecting
hose (inner+ ¼ 16mm), which extends to the surface
and is used for drawing the samples. Other tubes
connected to hoses from deeper traps may also cross
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Fig. 2. The trap system and a single trap (I), the modiﬁed desiccator functioning as a suction pump and the device used for bacterial
samples (II). Details are explained in text.
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stainless steel.
Construction of the pump and the device for bacterial
samples
At every sampling occasion, a manual camping air
pump was connected to a modiﬁed desiccator (Fig. 2, II:
A). A hose (Fig. 2, II: 7), that leads to the device for
collecting bacterial samples (Fig. 2, II: B) and can be
connected to the hoses of the traps by an adapter, is
ﬁxed onto a plastic tube (outer + ¼ 12mm,
length ¼ 300mm). This plastic tube leads into the
desiccator and ends around 10mm above its bottomso that the water can ﬂow without bubbles into the
measuring jug (Fig. 2, II: 4). Evacuation and ventilation
of the desiccator (Fig. 2, II: 2 and 3) and the direction
and strength of the water ﬂow can be regulated by
different taps (Fig. 2, II: 1, 8, 9 and 10). A valve (Fig. 2,
II: 5) prevents the desiccator losing vacuum after
evacuation.
This suction pump operates down to a ground-
water level of around 8m below the surface and has
a maximum ﬂow rate of approximately 4 lmin1.
However, depending upon the depth of the groundwater
table and the hydrological conductivity of the aquifer, the
practical sampling ﬂow rate is typically around
2.5 lmin1.
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Table 1. Details of the sampling procedure
Phase of sampling Course of events Tap status
Preparation of sampling  Cleaning of the adapters between
trap hose and sampling device with
3% H2O2
 Fixing of a sterile centrifugal tube
 Connecting of the trap hose with the
sampling device
Evacuation of the desiccator  Evacuation – closing of tap 3
 Closing of tap 3
 All taps closed except tap 3
 All taps closed
Sampling of fauna (1 fraction)  Opening of taps 1, 9 and 10
 Closing of tap 3
 Pumping of the host content plus 0.4 l
of the trap content
Taps 1, 9 and 10 open
Sampling of bacteria  Closing of taps 1, 9 and 10
 Removal and closing of the
centrifugal tube
All taps closed
Sampling of fauna (2 fraction)  Opening of taps 1 and 8
 Pumping of the trap content left
(0.45 l)
 Closing of tap 1
 Opening of tap 2 and ventilation of
the desiccator
 Removal of the fauna sample
 Taps 1 and 8 open
 All taps closed except tap 8
 Taps 2 and 8 open
Evacuation of the desiccator  Closing of tap 2
 Opening of tap 3
 Evacuation
 Closing of tap 3
 All taps closed except tap 8
 Taps 3 and 8 open
 All taps closed except tap 8
Sampling of water (1 fraction)  Opening of taps 1
 Pumping of the water (2.0 l)
 Closing of tap 1
 Opening of tap 2 and ventilation of
the desiccator
 Removal of the water sample
 Rejection of the water sample
 Taps 1 and 8 open
 All taps closed except tap 8
 Taps 2 and 8 open
Sampling of water (2 fraction)  Repetition of evacuation of the
desiccator and sampling (s. above)
 Keep sample for analysis
H.J. Hahn / Limnologica 35 (2005) 248–261252Bacterial samples were obtained by inserting a
centrifugal tube (content ¼ 50ml) (Fig. 2, II: 6), which
can be changed quickly in a deviation of the main
sample ﬂow between the desiccator and the traps
(Fig. 2, II: 7).Procedure of sampling
At the beginning and at the end of each day in the
ﬁeld, the whole device (desiccator, hoses and device for
the bacterial samples) was rinsed by pumping through
1 l of H2O2 (3%). Before each trap was sampled the
adapter was cleaned with H2O2 (3%) and a sterile
centrifugal tube was ﬁxed. Sampling at each bore started
with the upper-most trap (A) and ended with the deepesttrap (C). To start pumping, tap 1 (Fig. 2, II) was opened
abruptly to enhance sampling efﬁciency. For each
trap, an initial fraction (hose content according to a
table and 450ml of trap content) of the fauna sample
was removed at ﬁrst, then the bacterial sample and then
the second fraction of the fauna sample (400ml) and
ﬁnally the sample for the water analysis. For the water
analysis more than the trap content (0.9 l) was needed.
Thus after having removed the fauna sample, another 4 l
of water were pumped, of which the ﬁrst 2 l were
discarded, with the remaining 2 l being used for the
analyses. Having ﬁnished sampling, the whole system
was emptied carefully. For a detailed sampling protocol
see Table 1.
To compare trap content and surrounding ground-
water, the water was removed in 3 fractions, [hose
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groundwater (III)], and compared with one another.
Fauna was not considered for the hose volume.
Water analyses [electrical conductance (EC), dis-
solved oxygen (DO), pH-value and temperature] were
measured using a WTW multimeter Multiline P4
directly after having removed the water.
Processing of sample
All samples were stored in a cold box. Animals were
processed in the laboratory within 24 h of collection.
They were eluted, ﬁltered with a plankton net (63 mm)
and sorted alive. Very abundant samples were preserved
by 4% formalin, coloured by Rose Bengal and sorted
within a few days. Animals from the groundwater and
hyporheic traps in Palatinate were identiﬁed to species
for crustaceans and to higher groups for other taxa. The
samples from the spring study and from Korea, have, as
yet, been determined to order or family.
Bacterial samples were brought to a public labora-
tory, and colonies were counted according to the
German Industrial Norm DIN 38 411. Samples includ-
ing sediment were eluted directly before being processed.
Processing of data
Differences between traps and between the fraction
samples (s. above: comparison of trap content and
surrounding groundwater) were analysed by the Wilcox-
on test for paired data. Correlations were analysed using
the Spearman test. Comparisons of the faunal commu-
nities between sampling occasions were carried out using
a multidimensional scaling (MDS) with a transformed
Wainstein Index as the distance measure. To test the
groups identiﬁed by the MDS, an analysis of discrimi-
nance was carried out. Data were processed using SPSS
11.0 (SPSS Inc.) and Excel 97 (Microsoft Corporation).Results
Representativity of samples: Comparison of trap
content and surrounding groundwater
In the Klammtal Valley, no signiﬁcant differences in
hydro-chemistry, taxonomic richness or taxonomic
composition were found between trap content and the
aquifer (Wilcoxon test; n ¼ 10, p40:275): However,
total abundances (individuals per litre) were signiﬁcantly
higher (Wilcoxon test; n ¼ 10, p ¼ 0:018) in the traps
than in the groundwater (Fig. 3). In the hose water at
this site, DO and EC were signiﬁcantly lower (Wilcoxon
test; n ¼ 10, p ¼ 0:008 and 0.007, respectively) than in
the traps and in the surrounding groundwater.Similar results were found for the Korean samples
with no differences in EC and the numbers of taxa
(Wilcoxon test; n ¼ 10 and 17, p ¼ 0:964 and 1.000,
respectively) between trap content and the aquifer
(Fig. 3). The total abundances per litre were higher in
the traps than in the aquifer (Wilcoxon test; n ¼ 17,
p ¼ 0:002), and DO was also slightly higher in the traps
than in the surrounding groundwater (Wilcoxon test;
n ¼ 10, p ¼ 0:041). In contrast to the Klammtal Valley
samples, no signiﬁcant differences were found in DO and
EC between the hose water and the trap water (Wilcoxon
test; n ¼ 10, p ¼ 0:575 and 0.507, respectively).
Vertical gradients – stratiﬁed sampling
From the 15 groundwater, 3 hyporheic and 10 spring
bores sampled in southwestern Germany, 6 groundwater
(KT1, KT1, HB1, HB3, MB4 and OW2) and 3 spring
bores (QM3, QH3 and QH5) were selected at random to
indicate vertical patterns in DO and taxonomic richness
(Fig. 4). Data of faunal abundances (individuals/l) and
numbers of bacterial colonies per ml are not presented in
Fig. 4, because of the different data scales, but are
nevertheless described.
Each trap was sampled between 13 and 21 times. In
the Pfa¨lzerwald mountains groundwater bores, DO was
high and tended to be stable (4 bores ¼ 57%) (Spear-
man test; p40:05) or increased with depth (3
bores ¼ 43%) (Spearman test; po0:05). However, it
was low in the Upper Rhine Plateau and usually
decreased with depth (4 bores ¼ 57%) (Spearman test;
po0:05) or did not change (3 bores ¼ 43 %) (Spearman
test; p40:05). Though DO in the 10 spring bores was
generally high, it was signiﬁcantly higher at all bores in
the upper trap (A) than in the deeper trap B (Wilcoxon
test; n ¼ 9222, po0:05).
Vertical distribution patterns of numbers of bacterial
colonies, total abundances and numbers of taxa were
similar in the Pfa¨lzerwald mountains and in the Upper
Rhine Plateau. Those parameters were nearly always
highest near surface and usually decreased with depth (7
bores ¼ 50%) (Spearman test; po0:05) or remained
constant (6 bores ¼ 43%) (Spearman test; p40:05). In
springs, distinct pattern was visible, with a third of the
bores, having more taxa and higher total abundances in
trap A than in trap B, another third having the opposite
(Wilcoxon test; n ¼ 19221, po0:05), and the rest
demonstrating no differences between the 2 traps
(Wilcoxon test; n ¼ 6221, p40:05).
Signiﬁcant differences (Wilcoxon test; po0:05) be-
tween traps A and B (distance to each other: 1.20m in
the groundwater and 0.70m in the spring bores) were
found for oxygen (17 bores ¼ 71%), numbers of
bacterial colonies (7 bores ¼ 50%), total abundance
(16 bores ¼ 66%) and numbers of taxa (16
bores ¼ 66%). In contrast, differences (Wilcoxon test;
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Fig. 3. Comparison of hose content, trap content and surrounding groundwater. Sample sites were situated in Palatinate,
Southwestern Germany, and in the Nakdong River ﬂoodplain, Southwestern Korea.
H.J. Hahn / Limnologica 35 (2005) 248–261254po0:05) between the traps B and C (distance 1.0m in 3
bores and 4.0m in 12 bores) were less obvious: 50% of
all bores for oxygen, 8.3% for the numbers of bacterial
colonies, 33% for the total abundance and 33% for the
numbers of taxa.Temporal changes
To detect changes of the faunal communities over
time, the samples of each trap were ordinated by aMDS. Results, which could be interpreted in a reason-
able way, were found from around 50% of the spring
traps and of the surface-near traps A, and also from few
deeper traps, but only from those which were steadily
and frequently populated (bores HB1 and HB3). The
best results were obtained from the groundwater trap
KT1/A in the Kolbental Valley, and they are presented
here.
Bore KT1 is situated near the edge of the valley,
where deeper alluvial groundwater wells up. Thus
groundwater at KT1 was slightly artesian at the
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Fig. 4. Vertical gradients of taxa richness and DO in 9 bores, selected at random. Groundwater bores KT 1, KT 2, HB 1 and HB 3
were situated in the Pfa¨lzerwald mountains and MB 4 and OW 2 in the Upper Rhine ﬂoodplain. Spring bores QM 3, QH 3 and QH
5 were situated in the Pfa¨lzerwald mountains.
H.J. Hahn / Limnologica 35 (2005) 248–261 255beginning of sampling. A new well was installed around
40m north of bore KT1, and started pumping on 15
August 2001 to extract 1 million tonnes of water a year.
Groundwater levels were measured from 2 May 2002,
with the bore being sampled on 2 occasions before 15
August 2001 (on 2 July and 1 August 2001). From the
beginning of sampling to its end in December 2002, DO
decreased continuously with time (Spearman test;
n ¼ 15, r ¼ 0:836, po0:001) and the ground-
water table declined, increasing the distance to the trap
(Spearman test; n ¼ 17, r ¼ 0:722, p ¼ 0:001) (Fig. 5).
The numbers of nematodes decreased (Spearman test;
n ¼ 15, r ¼ 0:783, p ¼ 0:001) after a peak in autumn
2001, when abundance reached 567 individuals/l, while
total cyclopoid abundance increased with time (Spear-
man test; n ¼ 15, r ¼ 0:677, p ¼ 0:006). The most
dominant cyclopoid species was the stygobiont Diacy-
clops languidoides c.f., but numbers and proportions of
stygoxenMegacyclops viridis increased with time (Spear-man test; n ¼ 15, r ¼ 0:620, p ¼ 0:014), and stygophil
Paracyclops fimbiatus occured steadily after the begin-
ning of pumping on 15 August 2001. At the 2 previous
sampling occasions, Diacyclops languidoides c.f. oc-
curred in low numbers and was the only crustacean
found at this site. As from September 2002, the
ostracode Fabaeformiscandona latens occurred in in-
creasing numbers (1, 7 and 37 individuals/l). Brillouin-
Diversity (HB) increased with time (Spearman test;
n ¼ 15, r ¼ 0:786, p ¼ 0:001). Diversity (Spearman
test; n ¼ 15, r ¼ 0:656, p ¼ 0:008) and EC (Spearman
test; n ¼ 15, r ¼ 0:724, p ¼ 0:003) were negatively
correlated with distance between groundwater table
and trap, while DO was positively correlated (Spearman
test; n ¼ 15, r ¼ 0:713, p ¼ 0:003). This means the
deeper the groundwater table, the higher the HB and
EC, and the lower DO.
The MDS plot of the fauna data (Fig. 6) reﬂects the
changes described above and can be separated into 3
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Fig. 5. Changes in time observed at trap A of groundwater
bore KT1. Depth of trap was 1.70m below soil surface. For a
better overview, half of the groundwater table distance to trap
is indicated. Maximum nematode abundance was 567 in-
dividuals l1 on 2 November 2001. Value of variable given
on left, vertical axis, and the unit is given next to the variable
name on the right vertical axis.
Fig. 6. MDS ordination of the invertebrate communities of
trap A of groundwater bore KT1. Each dot marks 1 sampling
occasion. Arrows indicate the directions of the changes found
to be correlated with dimension 2 by a Spearman test. *, **
and *** indicate signiﬁcance at po0:05, po0:01 and po0:001,
respectively. Distance measure: transformed Wainstein index,
stress: 0.12.
H.J. Hahn / Limnologica 35 (2005) 248–261256groups, which are conﬁrmed by an analysis of dis-
criminance. Group I (2 July and 1 August 2001, before
pumping) is characterized by high numbers of nema-
todes and very low numbers of cyclopoids, exclusivelyDiacyclops languidoides c.f. Group II (from 28 August
2001 to 13 August 2002) is shaped by high abundances
of cyclopoids, inclusive stygoxen Megacyclops viridis
and low numbers of nematodes. Group III (from 17
September 2001 to 4 December 2002) is similar to
Group II, but with increasing numbers of Fabaeformis-
candona latens ostracodes. The most important axis of
the MDS is Dimension 2, which is correlated with
groundwater table distance to trap, time, cyclopoids,
nematodes, diversity (HB), DO and EC. Dimension 1
could not be explained satisfactorily.Discussion
Representativity of samples – general considerations
To reﬂect the living conditions inside the traps,
samples for water analyses should be taken directly
from the trap content. Generally, that is possible, but in
the study presented here, a minimum of 0.5 l of water
was required for the analysis. Due to the small trap
volume of 0.9 l, a half litre of water could not be
removed. Filtering of this water for fauna prior to
analysis was foreborne to avoid altering of hydrochem-
istry, of not only oxygen, but also other substances not
reported here. Thus to obtain enough water for the
analysis, samples were taken directly from the water
outside the trap, this being a compromise between
sampling of the trap content and the free groundwater
of the aquifer.
The bore water may be altered by atmospheric and
other effects (DVWK, 1990) such as reduction processes
due to the water standing in the unslotted parts of the
bore. The latter effect was probably the reason for the
lower oxygen concentrations and conductivity in the
water of the trap hoses when compared with both the
trap content and the surrounding groundwater of the
Klammtal Valley, and it implies that hose water should
be rejected in the future.
It has often been suggested that either purging the
bore of twice its volume, or the continuation of pumping
until the EC attains a constant value, would result in the
removal of undisturbed, representative aquifer water
(Knehr, Wurmthaler, Lamberth, Ruck, & Rott, 1996).
However, these methods do not provide water from a
deﬁned depth. Furthermore, the action of pumping itself
may alter water chemistry, for example, the reduction in
pressure may cause the loss of CO2 and so change the
pH (Knehr et al., 1996). In contrast, Hahn and Matzke
(2005), Dehnert et al. (2003) and Schmidt (2005) found
no or few signiﬁcant differences between the deep bore
water and the surrounding groundwater – either by
packer sampler pumping, or by bailing the bore water.
This is consistent with the results of the preliminary
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Valley and in the Nakdong ﬂoodplain described above.
So, even if there are different technical limitations for a
representative sampling of hydro-chemical samples, the
water samples removed from the area around the trap
are probably representative of the situation inside the
trap. Nevertheless, one should realize that data so
obtained are a compromise, and probably not identical
with the results of in-situ measuring.
Representativity of traps samples means that a
technique provides data which reﬂect the communities
around in terms of abundances and taxonomic compo-
sition and their changes in time and space. There has
been discussion elsewhere of the general issues asso-
ciated with sampling, abundances and taxonomic
composition in the groundwater (e.g. Dumas & Fonta-
nini, 2001; Hahn & Matzke, 2005; Hakenkamp &
Palmer, 1992; Malard et al., 1997; Steenken, 1998). A
key issue concerning any method for sampling stygo-
fauna is whether the sample, typically contained in the
water in bores or traps, accurately represents the
taxonomic and numerical composition of the free
groundwater. At a lower taxonomic level, no signiﬁcant
differences were found between trap content and
surrounding groundwater, but densities per litre were
found to be signiﬁcantly higher inside the traps. These
preliminary ﬁndings, based on a small data set,
were supported by the results found by Hahn and
Matzke (2005) on species level. They give some
indication of the representativity of the samples, but a
robust evaluation of the trap technique on species level
is still required.
Bores seem to overestimate stygofauna abundances
(Hahn & Matzke, 2005) and in this respect are similar to
the traps. Furthermore, the abundances within a trap
depend to some degree on the activity of the fauna
around (Panek, 1994) and within the trap. Hakenkamp
and Palmer (1992) emphasized that the particularities of
the construction of a bore, such as the slot width or the
grain size of the gravel packing around, affect the
communities inside. The attraction or repulsion of fauna
to traps and predation within them may alter the
population inside (Bretschko, 1983).
While Danielopol (1989) assumed that only few
stygobites are solely carnivorous (recent data indicate
that, given the presumed food shortage, most stygal
species are to some extent carnivorous (Gibert &
Deharveng, 2002; Humphreys, 2002). But, since Hahn
and Matzke (2005) found few signiﬁcant differences on
species level between the taxonomic composition inside
and outside the bores, the effects of predation should
not be over-estimated. Nonetheless, bores seem to be
preferentially colonized (Hahn & Matzke, 2005; Haken-
kamp & Palmer, 1992; Steenken, 1998) and this raises
the question as to why differential colonization occurs.
It is assumed that food supply is better in bores (Hahn &Matzke, 2005; Steenken, 1998) due to the enrichment of
detritus. Additionally, there is simply much more space
in bores than in the aquifer interstices, and groundwater
current is low compared to ﬁssured rock aquifers (Hahn,
2002c; Hahn & Matzke, 2005). Hahn and Matzke (2005)
argue that the higher fauna densities of the aquifer, the
more similar the community structure inside and outside
the bore. However, Panek (1994) assumes that in general
the activity and the mobility of interstitial fauna increase
with degrading environmental conditions. As a result,
the performance of trap increases too. The suboptimal
trophic and oxygen supply, for example, in the ground-
water (Danielopol, 1989) may also contribute to the
higher abundances of stygofauna inside the bores
compared to the surrounding groundwater. In addition,
if the living conditions of near-surface groundwater are
better than those in the deep groundwater, there could
be a bias of abundance data with an under-estimation
near the surface and an over-estimation in the depth. If
this should be conﬁrmed, the activity-dependence of
abundances might be – to some degree – a limitation of
traps.
This also raises the question about the optimal
frequency of sampling traps. What is the optimal time
after which the trap should be sampled? For the Korean
study described above, the traps were emptied monthly.
Hahn and Matzke (2005) also took samples once a
month and found very few differences between the data
of the sampling occasions, while Hakenkamp and
Palmer (1992) sampled bimonthly. Hahn (2003) sampled
his hyporheic traps once a week and detected very few
signiﬁcant differences between community structure
outside and inside the trap. Bretschko and Klemens
(1986) mentioned that for the hyporheic zone, only 3
days after emptying, traps already provide good results
once again, and that repeated samples are possible
without affecting the hyporheic communities. For the
hyporheic zone, they suggest an exposure as short as
possible to minimize errors such as predation inside the
trap. For groundwater, a sampling frequency of between
1 and 4 samples a month is supposed to be reasonable.
With respect to the optimal frequency of sampling, it is
highly probable that there are differences depending on
the study aim and on the different groundwater habitats,
and to ﬁnd this out could provide an additional
challenge for future studies.
It is difﬁcult to estimate the effects of the bore
construction on the distribution of stygofauna (Haken-
kamp & Palmer, 1992), but the effect should be reduced,
if the width of the ﬁlter slots is as high as possible
(41mm) and the grain size of the ﬁlter gravel is
signiﬁcantly higher than the grain size of the surround-
ing sediments: wide ﬁlter slots allow entry of even large
groundwater animals. Also, the larger the gravel is
compared to the surrounding sediment, the better these
sediments may ﬁll up the interstices of the gravel
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sediments. However, depending on their casing, bores
may have a great effect owing to bioﬁlms (Humphreys,
pers. comm., 2003).
The power of suction of the pump system was
sufﬁcient to pump up even adult leeches (Glossiphonia
complanata) from the hyporheic zone, and the whole
device was reliable. For more than 700 samples (44 traps
and 15 sample occasions) from the groundwater and
hyporheic traps in Palatinate not a single repair was
required, except for the manual air pump. This retail
camping device had to be replaced after around 350
samples (price: around h8). In addition, both sampling
and sorting are fast. To sample fauna, bacteria and
hydro-chemistry of 1 trap takes around 25min. Sorting
time for the fauna of 1 trap depends on the amount of
sediment and the number of animals, but the average
time needed was approximately 20min. The costs of the
traps are low: One system of 3 traps with a depth of 8m
costs less than h300, and the same sum again for the
whole pumping apparatus including the desiccator. In
comparison, the costs for suitable pneumatic pump
systems with a packer sampler are much higher, ranging
from h5000 to h10,000. Compared to traps, the
operating costs of pneumatic pumps, which are often
subject to malfunction and need high amounts of
expensive compressed air, are deﬁnitely higher. How-
ever, when sampling high numbers of different bores,
pneumatic pumps become operationally cheaper, but for
many consecutive samples at discrete levels and at few
bores the trap method is referable. One physical
limitation of all types of suction pumps is that they
are only suitable for bores where groundwater table is
higher than 8m below soil surface, while pneumatic
pumps are able to reach depths of 50m.
Despite the above provisos, it seems that the
taxonomic composition inside a bore is comparable to
that of the surrounding groundwater (Steenken, 1998;
Hahn & Matzke, 2005). The same conclusions are
implied by the results of the comparison of trap content
and groundwater presented above. Although this study
is a preliminary one, and comparative sampling is made
more difﬁcult by the non-uniform spatial distribution of
the stygofauna (Gibert, 2001), the ﬁndings of Hahn and
Matzke (2005) imply that: bores act as traps with densities of invertebrate fauna
being much higher than in the free, pumped ground-
water; taxonomic composition of samples derived from
bores seems to be comparable to that obtained from
free groundwater; the amount of water and sediment incorporated in
samples from bores is much less than that pumped
from free groundwater, which simpliﬁes the task of
sampling; associated costs of labour, time and money are much
lower than those involved in sampling groundwater
by pumping.
Vertical gradients – stratiﬁed sampling
Vertical short-circuits in the water through the
trapping system both inside and outside the bore casing
along the ﬁlter gravel were considered a weakness of this
trap system. However, the hydro-chemical, faunistic and
microbial data suggest that this was not a serious
problem regarding the distribution of the data. Sig-
niﬁcant differences between traps were often evident
within a single bore, especially between traps A and B,
where the near surface gradient was much greater than
those at depth.
Interpretation of bacterial data must be done very
carefully. Removing microbial samples requires a sterile
handling of the sampling device, which is difﬁcult in the
ﬁeld. In this study, hoses were not sterilized before and
after sampling each trap, due to limited time, but are
rinsed with approximately 0.5 l of trap content through
the system, prior to the removal of bacteria samples.
The technique used here permitted the removal of
stratiﬁed bacterial samples from each bore. Further-
more, there were some traps (e.g. HB 1), where the
numbers of bacterial colonies were consistently very low
(mean: o50ml1, SD: o50), and often lower than
10ml1. It is not yet possible to state whether and to
what extent bacterial contamination is due to nonsterile
handling, but the low numbers of colonies and the
stratiﬁcation inside the bores indicate that contamina-
tion is probably not too serious.
A further problem is that the estimation of bacterial
abundances from groundwater samples is critical: most
bacteria are attached to the sediment, and cultivation of
groundwater bacteria is extremely difﬁcult (Griebler,
2003). Therefore, it is doubtful whether the bacterial
abundances recorded are representative of the condi-
tions in the aquifer. However, the technique is both fast
and cheap, and its efﬁciency and suitability should be
tested further.
Although the traps were clearly separated vertically in
the bores, the effectiveness of this isolation is less clear
owing to differences in sediment structure and possible
bypassing of the gaskets by the water ﬂow. Each trap
was isolated within the bore by a pair of gaskets and the
effectiveness of the gaskets is probably enhanced by ﬁne
matter clogging the remaining spaces both between the
gaskets and the ﬁlter tube of the bore and the interstices
of the surrounding ﬁlter gravel. However, pumping was
very difﬁcult at those traps that were situated in a
sediment layer with low hydraulic conductivity and this
is contrary to expectation as if there had been marked
vertical short-curcuits.
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differences within centimetres by the use of traps in
the hyporheic zone (Hahn, 2002b). However, the data
presented here indicate that it is also possible to sample
groundwater using a similar method, as long as the
groundwater table is not more than 8m below soil
surface. So, in contrast to pumps the trap system
presented here allows for stratiﬁed and small-scale
sampling from the hyporheic zone and to deeper
groundwater.
Temporal changes
Few studies of stygofauna have investigated changes
through time and those changes that have been detected
have depended on changes in the hydrological exchange
and associated food and oxygen supply. At Kolbental
Valley bore KT1, hydrology was altered by the
extraction of groundwater for water supply. In the
Pfa¨lzerwald mountains, high concentrations of DO are
typical of deeper groundwater, while surface-near
alluvial groundwater is characterized by low DO,
because of the reduced gley soils of the valleys (Hahn,
1996). It is surmised that reduction of the pressure of the
slighly artesian deeper groundwater, caused by the
extraction enhanced the inﬂuence of surface-near
groundwater on the environment of trap A. As a result
the groundwater table dropped and DO decreased, while
surface dwelling Megacyclops viridis occurred after the
beginning of pumping with increasing numbers, and
diversity also increased. These changes were well
correlated with groundwater table distance to trap.
Bores that were not affected by pumping did not
display such a nearly linear shift of invertebrate
communities. Fauna were most abundant near the
groundwater surface and at those sites, that were
inﬂuenced by surface water, and this has commonly
been found elsewhere (Dreher, Pospisil, & Danielopol,
1997; Mo¨sslacher, Pospisil, & Dreher, 1996; Steenken,
1998). Therefore, it seems, that the hydro-chemical trap
and faunal data reﬂect the changes in hydrology marked
by dropping groundwater tables.Conclusion
In contrast to pumps, which remove fauna from the
environment where they actually live, traps are artiﬁcial
and provide newly colonized biotopes. While some
studies are available on the effects and the performance
of pumping, comparative investigations on traps in the
groundwater are, as yet, lacking. Nonetheless, some
limitations and advantages of the new trap have been
revealed. The most serious disadvantage is that the
abundances within the traps might be higher than in thegroundwater outside, with a potential over-estimation of
sparsely populated aquifers. On the other hand, this
method has some interesting advantages. It is reliable,
cheap, easy to handle, and it allows for stratiﬁed
sampling on a small spatial scale. Stratiﬁed sampling
and the almost simultaneous sampling of hydro-
chemical, faunal and microbial samples are signiﬁcant
advantages of trapping over very cheap and fast net
sampling, such as is typically used for wide-scale faunal
surveys. If future studies should support these initial
ﬁndings and clarify the question of the eventually biased
abundances, and if the sample should be numerically
and taxonomically representative of the stygofauna in
the aquifer, trap sampling could become a valuable
additional tool for a wide range of applications in
groundwater ecology and environmental assessment.Acknowledgements
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